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Abstract 
In order to perform long-term, low-effort gait analysis an instrumented shoe insole, equipped with an embedded data processing 
system, a variety of sensors and a wireless data transmission module has been developed. By using specially developed signal 
fusion algorithms, the sensor’s raw data, like pressure, 3D tilt and acceleration, is processed to provide information about the 
user’s gait or moving behaviour. This shoe insole will also form the basis of an ”easy to use” balance training system for older 
people, in order to help decreasing their risk of falling. 
A set of early prototypes, in the form of two pairs of self-designed and crafted instrumented shoe insoles, has already been 
developed. For the validation of their functionality a small series of tests, with five users, already took place. A specific test 
battery was created, consisting of ten tasks, where the stability of gait and coordinative skills were observed. The tasks were 
compiled from state-of-the-art mobility test and fall assessment strategies. The tests should, on the one hand, prove the stability 
of the hardware (to endure such testing), the reliability of the wireless connection and should at the same time show, if the 
procedure of walking can be reproduced from the gathered data. On the other hand these tests were used for gathering gait data 
from different subjects, which will be used in the future for the training of classification algorithms. 
Furthermore there is the opportunity that such a wearable system can be used for sophisticated running analysis with qualitative 
parameters. By logging and/or wirelessly transmitting information about pressure distribution, the course of e.g. the COP and the 
pitch angle as well as quantitative parameters like time of action, cadence and the number of steps e.g. an activity protocol can be 
created. 
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1. Introduction 
The work on a multimodal sensor system for insole motion measurement, as presented in this paper, resembles 
the first steps of a project in a much larger context. These insoles, instrumented with a variety of different sensors, 
are the basic measuring instrument in the so called “vitaliSHOE” project, which is funded by the Austrian Research 
Promotion Agency (FFG) within the thematic programme “benefit”. The goals of vitaliSHOE are on the one hand to 
establish new ways of detecting the risk of falling among older people, because falls happen to be a major threat to 
maintaining a certain state of health and independence [1]. On the other hand the system shall also contribute to 
reducing well-known risk factors, such as immobility, reduced agility and social isolation by providing a) an 
innovative balance training method and b) a long-term monitoring of the physical activity level which will result in a 
motion profile. In such a profile a qualitative analysis of a subject’s gait parameters can also be included. The 
variety of collected parameters and the modular design make the system applicable for a number of versatile tasks. 
The vitaliSHOE system can be a detector for fall risk as well as a tool for the analysis of motions involving foot 
movement, from ordinary walking, over Nordic walking to running.  
2. System Description 
2.1. System Design 
The introduced measurement system for multimodal motion analysis is a proprietarily designed and developed 
embedded system, consisting of multiple printed circuit boards and a variety of sensors. All the main parts (except 
the power supplies) are fully integrated in two shoe insoles. The system is wirelessly connected to a PC, which 
serves as a base station for storage, display and further analysis of the data. The sensors together with the embedded 
system and the wireless module form a so-called instrumented shoe insole. Each of these insoles, on which this work 
focuses, can be subdivided into the following functional blocks, which are also shown in Fig.1: 1) an array of force 
sensitive resistors (FSR) for plantar pressure measurement, 2) an inertial measurement unit (IMU) to determine pitch 
and roll angles, as well as 3D acceleration values, 3) a processing unit with a microcontroller and a multiplexer and 
4) an off-the-shelf ZigBee transceiver for wireless data transmission. 
Fig.1: Functional block diagram of the hardware parts from one instrumented insole. 
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2.2. Sensors 
The sensors were chosen 1) related to existing work, as given in some literature examples [2], [3], [4] and 2) in 
order to reach the highest level of accuracy possible using available material and methods, compared to clinical gait 
analysis. The FSR sensors have an average thickness of 0,5mm and diameters of 15mm and 27mm, as there are two 
different types in use. Their force sensitivity ranges from 100g to 10kg while the pressure sensitivity range is 
0,1kg/cm2 to 10kg/cm2. The devices’ rise time (mechanical response time) is 1 to 2ms and the stand-off resistance is 
>1MΩ. The single part force repeatability is ± 2% to ± 5% (of established nominal resistance) and the part-to-part 
force repeatability is ± 15% to ± 25% (of established nominal resistance). The working principle is as follows: the 
sensor actually is a resistor, whose resistance is decreasing with an applied force e.g. mechanical pressure. The 
inertial measurement unit (IMU) consists of two main parts: 1) a three-axis, low power, accelerometer with a 
minimum full scale range of ± 3g and a sensitivity of 300mV/g. It can measure the static acceleration of gravity in 
tilt-sensing applications, as well as dynamic acceleration resulting from motion, shock, or vibration. 2) an integrated 
dual-axis angular rate sensor (a so called gyroscope). It has a full scale range of 500°/s and a sensitivity of 2mV/°/s. 
An ATmega32 microprocessor with an 8-channel and a 10-bit analog-to-digital converter (ADC) forms the heart of 
the measurement system and samples the data, coming in from the sensors. 
2.3. Parameters 
The search for the answer to the question, which parameters should be detected by the system, was also guided 
by the existing gait analysis standards. What is considered necessary to identify a person’s walking characteristics, 
was included in the drafting and planning processes. 
For now the vitaliSHOE system is capable of measuring acceleration forces in all three spatial directions as well 
as angular rate in two axes. Specially designed algorithms are used to calculate tilt angles from the original raw data 
of the sensors. These angle values represent the foot’s inclination in the sagittal and the frontal plane. The number of 
the pressure sensors is, knowingly, limited to a certain number. One reason was to keep the number of parts, 
integrated into the insole, limited and another one was to aim on placing the sensors only in spots, where gathering 
pressure information grants significant information about pressure distribution and walking behaviour (movements) 
e.g. gait cycle timing. That would be for instance to detect the beginning and the end of specific gait phases. 
2.4.  Specifications 
The microcontroller acquires the sensor data with a rate of 200 samples per second, which is more than 50 times 
the frequency of walking at normal speed. After filtering and processing sensor information the resulting gait data 
are transmitted to a PC (wirelessly) with a rate of 50 Hz. So the values of angle, acceleration and pressure from both 
insoles are received at the PC 50 times per second. This sampling rate still is ideal for the analysis of walking 
because typical bandwidth of kinematics of normal gait is between 4 and 6 Hz. [5] Spectral power analysis from 
barefoot walking across a force plate has shown that 98% of the spectral power is below 10 Hz and over 90% below 
5 Hz. [6] 
3. Early Prototypes 
For the development of suitable algorithms for more sophisticated motion analysis, the basic (hardware) system 
had to be set up quickly. Such analysis will include classification and feature extraction mechanisms among others. 
These methods require training with real life gait data. In order to generate data, the approach was to aim at 
developing (rapid) archetypes of the (later-on) system. These are preliminary prototypes, but they are already fit for 
gait data collection. But these early prototypes also served the purpose to learn how such instrumented insoles could 
be designed best, in detail  questions concerning (insole) material, sensor positioning, partitioning of the printed 
circuit boards in order to protect them from mechanical stress had to be answered. In this course, testing with these 
archetypes should also help to reveal certain weaknesses. 
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Fig.2: Schematic diagram of one instrumented insole with the included components. The insole’s thickness is shown disproportionately in the 
picture for demonstration purposes. 
For displaying data and storage handling a software solution in LabView was developed. It was used for 
monitoring data and to identify problems during testing. By now two pairs of in-house-designed and hand crafted 
shoe insoles have been developed and tested. Some of the results will be discussed in section 5. The basis for the 
early prototypes is an off-the-shelf shoe insole with no special characteristics, such as orthopedic support. The 
important feature was that it had to offer a certain level of mechanical stability, which is achieved by the insole 
being made of duroplastic material from underneath the arc of the foot to the heel. This stability is essential in order 
to protect the printed circuit boards from mechanical stress. 
4. Performance Tests 
In order to gain a proof of concept a certain set of test scenarios has been designed. These tests made it possible 
to evaluate functionality as well as the mechanical stability of the hand crafted instrumented insoles. The tests 
should also help to identify weaknesses in the structure or design of the insoles as well as weak points in the overall 
system interaction, e.g. the wireless data transmission, including the transmission protocol. Further expected 
findings from these tests were how long the system could maintain to operate completely untethered, with battery 
power supply. The test scenarios were derived from several strategic assessment tests to define the level of mobility 
or either the risk of falling among older people [1]. The tests were carried out with five different test subjects, three 
young adults, between 25 and 35 years, and two older adults, in the age group 60+. The gathered data were made 
anonymous and stored on a PC. The effort for this comprehensive testing is justified because, apart from serving as 
evaluation measure, the motion data generated during these trials will be used for the upcoming development of the 
analysis algorithms and software. The evaluation procedure is subdivided in nine tasks, where the proband is asked 
to 1) stand still for a few seconds, to give full load to the pressure sensors; 2) walk straight with everyday-life speed, 
to gather data form ordinary walking, which is of primary interest; 3) walk straight with lower speed than everyday-
life speed; 4) walk straight with higher speed than everyday-life speed; 5) walk straight, while counting backwards 
(aloud) at the same time – dual tasking I; 6) walk straight, with a metronome as pacemaker; 7) walk straight, while 
listing European city names (aloud) at the same time, dual tasking II; 8) perform the timed up and go test (TUG), 
which includes rising from a chair, walking straight ahead for three meters, performing a 180° turn, walking straight 
ahead (in direction of the chair) for three meters and sitting down again [1]; 9) perform the chair rising test; getting 
up from and sitting down to a chair for five times [1]. 
5. Results 
The presented results are taken from one single sub-test, always from the same test subject. More precisely from 
the sub-test 1) (see section 4) where the task was to walk straight ahead in normal/convenient walking speed for a 
distance of eight meters. The subject was asked to walk this distance for four times, during this test. 
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5.1. Structure 
The two pairs of hand-crafted instrumented insoles met the requirements on mechanical stability, in order to last 
for this first series of trials. But clearly there is the need of improvement concerning placement and the insole carrier 
material. 
Apart from one task, the system delivered the expected data with a quality that exceeded all expectations. 
However, at some point, after several test cycles, the system’s durability reached its limits, which becomes manifest 
for instance in the IMU ceasing to work properly. This results from flaws in the hardware design in the face of the 
extreme loads, which were faced during the trials, e.g. concerning mechanical stress. The positioning of the printed 
circuit boards is also something which has to be optimized during the ongoing research in order to reduce 
mechanical stress. The wireless connection via ZigBee was steady and worked well, with some minor failures. 
Therefore, the transmission protocol is going to be adapted further in the future. A general difficulty was to measure 
walking at higher speeds (task 4). During this task there were several transmission errors and also some system 
failures. 
5.2. Impact 
In order to ensure the subjects safety one of the preconditions was that all subjects should attend the trials with 
the most casual shoes they own. The two subjects from the age group 60+ were also informally questioned if they 
feel any influence concerning their comfort of walking by wearing the instrumented insoles. They reported that they 
experienced an unfamiliar feeling in the beginning but that it was not inconvenient. 
5.3. Functionality 
Figure 3 a displays the trace of the foot’s angle in the sagittal plane during three steps. In all the measurements 
zero degrees correspond to the foot resting flat on the ground. Positive inclination represents upward movement and 
negative inclination downward movement of the foot. Figure 3 b shows the data from three pressure sensors also 
during three steps. High conductivity of the sensors represents high pressure in the sensor’s spot, low conductivity 
equals low applied pressure. 
Fig.3: a) inclination of the right foot during three steps. b) signals from three pressure sensors, beneath the heel, metatarsal head I and metatarsal 
head V. 
The results from figure 3 show that it is already possible to detect steps with the early prototypes and to 
distinguish between single steps. That can be achieved with both signal types alone as well as in combination. The 
angle values determine when the foot rests flat on the ground (zero degrees). So the information can be used to 
count the steps as well as to evaluate the steps’ quality. Furthermore the durations of stance- and swing phase can 
also already be determined by means of the angle values and the data form the pressure sensors.  
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6. Discussion 
These results show the potential of the vitaliSHOE approach. The data calculated and delivered by the system 
make it possible to reconstruct predetermined walking patterns. The values produced by the system are fit to 
reconstruct gait phases in a quantitative way. There is also the promising prospect to a qualitative analysis of the 
signal traces. By now this is only a non-professional claim, of course, as there haven’t been any reviews by gait 
analysis experts, yet. The inspection and validation of the data by gait analysis experts is already scheduled for the 
second quarter of this year. In the course of the validation phase, reference trials in a gait laboratory will be carried 
out. Only after these validation tests more detailed, qualitative statements can be made. Until then the results will be 
compared to results, encountered during research in corresponding technical literature and the conclusions are also 
referring to comparisons to other research results in the same field, but on a general level [2], [7], [8]. For the pitch 
angle, acceleration and pressure this means to compare minimum and maximum values as well as curve structures. 
For now the system seems to meet the requirements for monitoring of the physical activity level and fall risk 
detection in two major categories, technical performance as well as user acceptance. All test subjects stated that they 
do not feel influenced by wearing such a pair of instrumented insoles, which is an important precondition. That is 
because the system should not influence the subject in any way. Most of the potential test subjects, who were polled 
in the course of the project’s start-up phase, declared that they consider it important and motivating to know that 
they could check on their physical activity level. 
However the results show that the vitaliSHOE system is capable of detecting the necessary motion patterns for 
further analysis in the fields of fall risk detection and physical activity measurement. But that there still are aspects 
which have to be improved. And it seems that the approach with early prototype development is a useful one in 
order to get a proof of concept, to reveal weaknesses at an early stage and also in order to slowly build up a user 
community, who accepts the technical development as a part of their life and delivers valuable inputs on design 
aspects. 
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